Ultra-wideband (UWB) technology is an excellent candidate for supporting wireless personal area networks (WPANs) because of its wide bandwidth, low transmission power, low complexity and multipath immunity. We study density-aware exclusive region (ER)-based scheduling for a nonuniform UWB-WPAN. Using a generalized radius for the ER based on statistical topology, we propose a scheduling scheme that uses a radius for the ER that varies according to the density information around the destination in the nonuniform network. Computer simulations show that (i) our approach to the radius of the generalized ER provides better scheduling performance than the radius solution of the conventional work [3] and (ii) scheduling that is based on an adaptive ER radius can always outperform both the fixed ER-based scheme and the TDMA scheme with respect to network throughput.
Introduction
Emerging short-range transmission technologies, including ultra-wideband (UWB) radios, provide high-rate systems that are capable of supporting multiple users with variable rates and can be used in wireless personal area networks (WPANs) for various applications [1] , [2] . Recently, exclusive region (ER)-based scheduling schemes [3] , [4] have been proposed because their utilization improves network throughput. When the ER is set around the receiver of the desired link, the interferers in the same time slot that are transmitting concurrently should be outside the ERs of other links, to ensure that the gain of concurrent transmission is realized. However, reports of performance in recent work on ER-based scheduling pertain only to uniformly distributed networks, even though the nodes are usually distributed in a nonuniform fashion in practice. A nonuniform distributed network is considered in [5] , but that work does not present any technique that is related directly to the topology of the network in the area around the receiver.
We introduce a density-aware ER-based scheduling scheme that can be applied to UWB-WPANs. We derive a general expression for the optimal ER radius that is based on statistical topology and compare our solution with the conventional solution that shows the ER radius based on the Voronoi diagram [3] . Using the derived ER radius and the density information around the receiver of the desired link, we propose an adaptive ER-based scheduling scheme for a nonuniform network. The use of the proposed scheme provides better overall throughput performance than other scheduling schemes.
System Model
The UWB-WPAN under consideration is shown in Fig. 1 . We consider a network configuration similar to that defined in the IEEE 802.15.3 standard. A central controller is designed to perform control functions, including network scheduling, at the MAC layer. Control data are exchanged between the central controller and all the other devices in the network, while information data are transmitted through peer-to-peer links that directly connect transmitters and receivers. An important characteristic of UWB communications is that the data rate is proportional to the received signal to interference plus noise ratio (SINR). We can express the channel capacity according to the Shannon theory, as follows:
where p l is the received signal power of the link l, R l is the channel capacity of link l, N 0 is the one-sided spectrum level of white Gaussian noise, and I l is the interference term. Since we are considering the UWB system which has extremely high bandwidth, W → ∞, the channel capacity can 
Note that the channel capacity is a linear function of the SINR and can be adjusted proportionally to the SINR of the receiver to meet the requirement for the bit error rate (BER). It was shown in [3] that scheduling concurrent UWB communications is preferable to time division multiple access (TDMA) transmissions as long as all interferers are outside the ERs of other receivers. This maximizes spectral efficiency that the network can support all active transmissions using a minimum number of time slots in each frame. In the asymptotic analysis, the topology is represented by the Voronoi diagram, in which each device is located in the same distance from its interferers. This ER solution does not take into account information about the distribution of UWB devices, so the ER that is formed is less likely to be optimal for any kind of networks. Herein, our work is not simply to find a general solution for the ER, but also to maximize overall throughput by considering information about the distribution of devices around the receiver of the desired link in UWB-WPANs.
Proposed ER-Based Scheduling
We consider a network topology in which UWB devices are distributed according to a two-dimensional Poisson process in the plane. We model communication links by considering a random connection model in which each pair of points of a two-dimensional Poisson process is randomly connected. In order to schedule each link to time slots, we need to find the generalized ER radius for concurrent transmissions for both uniform and nonuniform networks.
Here, we present the formation of networks that have a statistical topology, rather than the fixed topology illustrated by the Voronoi diagram [3] . Given that the data rate of UWB communications is proportional to the SINR, the data rate of a desired receiver i is
where k is a scaling constant, s i is the radius of the ER of the i-th link, r is the sender-receiver distance, k is the receiver processing gain, q is the transmit power, b is the multiuser interference (MUI) factor, which represents the cross-correlation of the desired signal and interfering signal, and M is the number of interferers. To express the received power, we use an attenuation model [6] that has been confirmed as a suitable indoor propagation model for UWBWPANs. The received power is set to p i = kqr
, where r i is the sender-receiver distance of the i-th link, and α is the path-loss exponent. As depicted in Fig. 2 , the location of the designated receiver is presented by (r c , θ c ). p(r, r c , θ, θ c ) denotes the probability density function (PDF) of the distribution of the sensors, which shows the network topology where the center of the network is the designated receiver. Given that (3) uses a data rate equation with a statistical term, it can be applied to any kind of networks.
Generalized ER Radius Based on Statistic Topology for Uniform Networks
Firstly, we find the general solution for the optimal ER radius based on statistic topology in uniform networks. Given that the PDF of the uniformly distributed network is a constant, i.e., p(r, r c , θ, θ c ) = 1/M, we can rewrite (3) as
Then the total throughput considering M concurrent transmissions is given by
wherep i is the average received power, and A is the radius of a network. Here, we assume that M ≈ A 2 /s 2 for simplicity. The maximum throughput can be obtained by minimizing the denominator of (5). Thus the optimal ER radius is given by
In a uniform network, we can fix the optimal ER radius for any location in the network. Note that deriving the optimal ER radius from the PDF of the network topology is more practical for a real network than using an approximated diagram. Given that the radius is a function of the path-loss exponent, the level of background noise and the MUI factor, the computational complexity for a central controller to find the radius is acceptable.
Extension to Adaptive ER-Based Scheduling for Nonuniform Networks
When attempting to determine the optimal ER radius for a nonuniform network, where the PDF of the device distribution is not a constant, the following points need to be noted: i) simply exploiting the ER radius of a uniform distribution to a nonuniform distribution is inappropriate due to the different density distributions of the devices in the two types of networks. In a nonuniform network, the ER radius will vary according to the density of the device distribution around the desired receiver; ii) describing the exact PDF of the network topology is very difficult. Even though the approximated PDF is given, finding the optimal radius can be a very complex task. In addition, if a particular complex PDF to solve the optimal radius is given, maximizing the denominator of (3) may be critically complicated. The above considerations entail that the optimal solution for the ER in Sect. 3.1 cannot be applied directly to a nonuniform network. In what follows, we present a density-aware ER-based approach that has low computational overhead, to enable practical implementation.
Phase 1: The Virtual Uniform Distribution
We assume the existence of strategically placed reference devices in this environment. The reference devices report the range information of UWB devices to the central controller. The range information in the UWB-WPAN can be determined in various ways, such as angle of arrival (AOA), time of arrival (TOA), time difference of arrival (TDOA), received signal strength (RSS), and so on [7] . The central controller uses the range information collected from multiple reference devices to triangulate the location of the UWB device within the network. Therefore, the central controller can derive the local density of each device.
To determine the ER for nonuniform networks, we first consider virtual uniform networks in which the devices are virtually relocated in a uniform manner. By taking the virtual uniform distribution of M links into account, we let Q be the number of interferers inside the ER which is set around the receiver of the desired link. Here, we use the size of the radius given in (6) for the virtual uniform distribution. Philips et al. showed in [8] that with the network model of a two-dimensional Poisson point process with node density λ and transmission range r, the expected degree of a node is λπr 2 . Therefore, the average number of interferers inside s * in a uniform network is shown as
where λ represents the density of the device distribution in a uniformly distributed virtual network with radius s * . The central controller calculates E[Q] and determine the appropriate size of the ER for nonuniformly distributed networks with the aid of the parameter λ, explained in the next subsection.
Phase 2: The Real Nonuniform Distribution
At the receiver in the nonuniform network, the instantaneous number of interferers within the ER with radius s * is set to H. Unlike the average node counts within the radius, we can express the instantaneous number of interferers H = λ i πs * 2 , where λ i represents the information about the instantaneous density of devices in the given nonuniform network. Since a device will have, on average, λπs * 2 neighbors within its radius in the virtual uniform topology, s * is optimal for a network that has density λ.
In order to find the suboptimal ER radius for networks with different device density, we need to vary s * to take into account the ratio of λ to λ i . For the the network with density λ i , we can determine the suboptimal radius of the ER aŝ
As shown in the above equation, our proposed radius of the ER is defined by the ratio between the density in the nonuniform network and that in the uniform network. Therefore, changes in the total number of devices give little or no influence on the performance of the density-aware scheduling scheme. Given that only the device density is required to find the ER radius, which results in low computational complexity, it is acceptable for the central controller, which controls radio resources, to use a density-aware scheduling algorithm.
Note that the contribution of this paper is two-fold. (a) Although the scheme in [3] tried to find the form of the ER radius by adopting the fixed Voronoi diagram, we propose a generalized ER radius solution, where the network PDF, which can express the real device distribution more mathematically, is considered. (b) In addition, the proposed scheme uses the density information which enhances the performance of network scheduling in the nonuniform network, while the work in [3] is only suitable for the uniform network.
Once the ER has been determined, the central controller can allocate each link to the time slot. The process of the proposed adaptive ER-based scheduling is shown in Algorithm 1. Here, L a is the group of links which are not allocated to any time slot yet and T i s denotes the group of links which can be transmitted in the i-th time slot concurrently. At the beginning of the scheduling process in each time slot, we randomly select a link l from L a . Then we add other links that do not violate ER l , which denotes the Algorithm 1 Density-aware Scheduling Algorithm Here, we assume that the number of time slots K is greater than the number of links M. This process is repeated until each link is allocated to at least one time slot. Once the time slot allocation has been determined, the central controller publishes this in the periodic beacons to notify UWB network participants.
In this environment, the reference devices determine the range information with measuring real waves. It is shown in [9] that the low process delay of positioning can be provided in the network composed of UWB devices. The proposed time slot allocation performed by the central controller requires only simple calculation, and thus, the proposed scheduling process can be done during the beacon period when a large number of beacon time slots are available. Therefore, the maximum time delay of the proposed scheduling scheme can be the duration of beacon period length (The maximum duration of beacon period is approximately 8 ms).
Simulation Results
In our simulation, we used a network topology of 500 devices deployed randomly in a 10 × 10 m 2 sensor field. In each scheduling cycle, we selected 80 nodes at random, half of which were sources and the rest of half destinations, for concurrent communications. For the nonuniform network, we used two-dimensional Gaussian distribution [10] . All flows had an equal transmission power q = 0.08 mW and background noise power N 0 = 2.5 × 10 −8 mW. The bandwidth of UWB network was 1 GHz and the MUI factor b was set to 5 × 10 −2 . We assumed that the network topology remained fixed during each scheduling cycle. We used the UWB fading model [3] , which takes into account both small-scale and large-scale fading. To evaluate the performance of the proposed algorithm, we used the normalized network throughput, which can be obtained by dividing the network throughput using a scheduling scheme by the throughput using the TDMA method. Each simulation was performed 1,000 times with different random seeds to obtain the average and maximum performance results. Figure 3 compares the adaptive and fixed ER-based scheduling schemes, resulted from the different values of the ER radius. The average throughput is plotted in both the uniform and nonuniform networks, respectively. Note that the performance of the adaptive ER-based scheme in Fig. 3 is based on (8) where s * is set to the values of the x axis. As the radius of ER increases, less links are allowed to transmit data concurrently, and thus, the throughput of the ER-based scheme decreases and is close to that of the TDMA system.
It is observed that the adaptive ER-based scheme shows the best performance when s * in (8) is set to 3 − 4 m, which is similar to that of the fixed ER-based scheme. It means that the average of the optimal ER radius of each device under the given nonuniform network is 3 − 4 m. Note that this value of the ER radius presenting the maximum gain of throughput is close to that of the optimal ER radius derived in (6) . We see that the adaptive ER-based scheduling and fixed ER-based scheduling perform almost the same in the uniform network since the device density from any receiver in the uniformly distributed network is similar. However, the adaptive ER-based scheme, providing the best ER radius of each device adaptively, shows better average throughput than the fixed ER-based scheme in the nonuniform network. This is because in adaptive ER scheduling, the ER radius varies according to the density of surrounding interferers, which enables more efficient concurrent communications.
The normalized network throughput according to the level of the MUI factor in nonuniform networks is shown in Fig. 4 . The MUI factor means the level of suppression of the interference among concurrent transmissions. As the MUI factor increases, fewer concurrent transmissions can be scheduled, and thus, the normalized network throughput degrades. We also show that the normalized network throughput with regard to the power spectral level of background noise in in Fig. 5 . When N 0 is reduced from 25 × 10 −8 mW to 25 × 10 −10 mW, the normalized network throughput decreases due to the increased radius of the exclusive region. Although the changes in the MUI factor and noise power are considered, the proposed density-aware ER based scheduling always outperforms the fixed ER based method in the network with nonuniform device distribution. Figure 6 presents a comparison of normalized network throughput of different scheduling strategies according to the path loss exponent for the office and indoor environments (3.5 < α < 7.5) [11] where devices are nonuniformly distributed. We see that the scheduling with our fixed ER radius solution performs better than the fixed ER-based scheme in [3] . It shows that our ER solution is robust to any kind of device locations by using a function of general expression of the PDF rather than using a fixed device formation. In addition, Fig. 4 shows that the proposed densityaware scheduling algorithm using an adaptive ER performs much better than the other schemes with respect to both average and maximum network throughput.
Conclusions
Exploiting the information about device density around the receiver to determine an appropriate ER radius is a powerful means of increasing total network throughput performance in UWB-WPANs. We derive a generalized solution for the ER radius that is based on the statistical topology. Using this solution, we find the ER radius for a nonuniform network by varying the radius according to the device density around the receiver. Simulations show that fixed ER-based scheduling with our generalized ER radius outperforms scheduling with a conventional ER radius. In addition, it is demonstrated that density-aware scheduling using an adaptive ER radius yields greater gain in network throughput performance than the scheduling with a fixed ER radius and TDMA. 
